The charge carrier dynamics of photoexcited bismuth generates a Drude response that evolves over time. Our data show that the plasma frequency of bismuth displays an initial increase and a subsequent decay. We have performed ab initio calculations on bulk bismuth within the density functional theory and show that this peculiar behavior is due to local extrema in the valence and conduction bands. It follows that most of the carriers first accumulate in these extrema and reach the Fermi level only 0.6 ps after the photoexcitation.
The charge carrier dynamics of photoexcited bismuth generates a Drude response that evolves over time. Our data show that the plasma frequency of bismuth displays an initial increase and a subsequent decay. We have performed ab initio calculations on bulk bismuth within the density functional theory and show that this peculiar behavior is due to local extrema in the valence and conduction bands. It follows that most of the carriers first accumulate in these extrema and reach the Fermi level only 0.6 ps after the photoexcitation. 
I. INTRODUCTION
Electronic and lattice motions in semimetallic materials display a rich phenomenology as coherent phonons 1 and hot-phonon generation. 2 In particular, bismuth is a reference material for the investigation of lattice dynamics in out-ofequilibrium conditions. The photoexcitation of this material generates coherent phonons which have various point group symmetries. 3, 4 Time-resolved reflectivity and time-resolved x-ray diffraction show that the frequency of the totally symmetric (A 1g ) phonon displays a large softening at high excitation densities. 3, 5 The models that have been proposed within density functional theory (DFT) to explain the coherent lattice displacement have generated an ongoing controversy about the energy relaxation. Indeed, these models depend on the nonequilibrium distribution of the electronic system. 6, 7 Since the latter is basically unknown, some authors assume that a complete thermalization of the electron gas occurs on a time scale shorter than the coherent phonon period. 7, 8 Others suppose instead that electrons and holes thermalize on an ultrafast time scale but do not equilibrate with each other. 5, 6 At this point, no experiment has had access to the carrier distribution at early times after excitation.
In principle, time-resolved photoemission is the most direct technique to monitor the electronic occupation numbers. 9 However, the high surface sensitivity of the emitted photoelectrons limits this approach. Indeed, the presence of surface states deeply modifies the electronic properties of the uppermost layers. 10 The surface turns out to be a good metal even if the bulk is semimetallic. As a consequence, the nonequilibrium distribution of the electrons may be substantially different on the surface and in the bulk. For this reason, we have investigated the dynamics of charge carriers by means of timeresolved terahertz spectroscopy. In contrast to photoelectrons, terahertz radiation can be transmitted through films of 100 nm thickness, thus probing the bulk properties of the system. Due to the low center frequency of the terahertz pulses, we mainly probe the Drude-like response of the electron-hole system, which arises from intraband transitions. It follows that terahertz spectroscopy is qualitatively different from transient reflectivity at 800 nm, 3 which is instead dominated by the interband transitions.
The mid-infrared conductivity of bismuth has been the subject of extensive work; 11, 12 here we report its dynamics in the photoexcited state. In a semimetallic material like bismuth, the photoinduced increase in the number of conducting carriers generates an exceptionally large change of the dielectric function. In addition, we have found that the evolution of the plasma frequency as a function of the pump-probe delay displays nonmonotonic behavior that has no equivalence in other semimetals. 2 Using DFT calculations of the Bi band structure, we find that the complete thermalization of charge carriers takes place on a time scale longer than the period of the coherent phonons ( 0.34 ps; Ref.
3). On a shorter time scale, a considerable part of the holes and electrons created during photoexcitation populates local maxima and minima of the band structure, respectively. These excited carriers decay to the Fermi level with an inverse rate of 0.6 ps. Once the thermalization is complete, the electronic system dissipates the excess energy into the lattice with an inverse rate of 4 ps.
The paper is organized as follows: Sec. II introduces the band and lattice structure of bismuth, Sec. III presents the terahertz measurements, and Sec. IV provides an explanation of the observed dynamics.
II. STRUCTURAL AND ELECTRONIC PROPERTIES

A. Lattice structure
Bismuth is the heaviest element among the group-V semimetals. Like As and Sb, it crystallizes in the A7 rhombohedral structure, which can be obtained from the simple cubic structure formed by two interpenetrating fcc sublattices. Two independent distortions are applied: a strain of the unit cell along the [111] direction, and an internal displacement of the atoms of the two fcc sublattices toward each other along the [111] direction. The resulting lattice has the trigonal symmetry and contains two atoms per unit cell, as illustrated in Fig. 1(a) . More details on the A7 structure can be found in Ref. 15 , and the group-theoretical analysis of the A7 structure is discussed in Ref. 16 . The Brillouin zone (BZ) of bismuth is shown in Fig. 1(b) .
Three parameters completely determine the unit cell and atomic positions: the length a 0 of the rhombohedral vectors, the rhombohedral angle α, and the internal parameter u describing atomic positions along the trigonal axis: (u,u,u) and (−u,−u,−u). From x-ray diffraction measurements at a low temperature, 17 the following parameters for the unit cell of Bi are found: a 0 = 4.7236Å, α = 57.35
• , and u = 0.234 (in units of a 0 ). We have performed DFT calculations of the total energy in the generalized gradient approximation (GGA) and found convergence toward an absolute minimum for the following values of the structural parameters: a 0 = 4.9227Å, α = 56.36
• , and u = 0.232 (in units of a 0 ). Our value of a 0 is 4% larger than the experimental one. 17 The increase in the GGA volume is caused by the inclusion of the 5d electronic states in the valence bands, which has been found to greatly improve the transferability tests of the pseudopotential. The exchange and correlation functional was checked, and the local density approximation (LDA) volume turned out to equal the experimental one within 0.02%. This contradicts the usual expectation that the LDA volume is smaller than the experimental one. Inclusion of the 5d electrons in the valence bands thus increases both the LDA and GGA volumes.
B. Dispersion of Kohn-Sham energy levels
We have performed state-of-the-art ab initio calculations of the electronic structure in the framework of the DFT (Refs. 18 and 19) with the Perdew-Burke-Ernzerhof version of the generalized gradient approximation, 20 using a plane-wave basis set and a pseudopotential scheme. As the electronic coupling to the lattice is important in bismuth, we have decided to study bismuth at the theoretical lattice parameters, at variance with previous works.
The spin-orbit coupling is very important in bismuth and has been included in our calculations. We have used the full Dirac Hamiltonian near the atomic cores. 21, 22 Our approach is expected to improve the description of elements as heavy as Bi. The electronic wave functions were expanded in plane waves up to a kinetic energy cutoff of 150 Ry. As only a few calculations with the full relativistic effects for bismuth exist in the literature, details about our pseudopotential and the BZ sampling are given in Appendix A.
In principle, quasiparticle theory beyond DFT, like the GW method, 23 should be applied to describe the electronic band structure. Moreover, after an excitation, the electronhole interaction should be treated with the Bethe-Salpeter equation. 23 In anterior studies, we have found that although the band gap of semiconductors is grossly underestimated, the DFT description of the relative positions of the minima in the conduction band [24] [25] [26] and effective masses 26 are sufficient for our purpose.
Besides the large splitting of the p bands by the spin-orbit coupling, the peculiarity of the band structure of semimetallic bismuth is the overlap between the highest valence band and the lowest conduction band, which creates a Fermi surface composed of one small electron pocket at point L and one hole pocket at point T. In the full BZ there are three electron pockets and one hole pocket.
Many band structure calculations of Bi have been carried out, using different theoretical methods. Among them are the full-potential linear muffin tin orbital (FP-LMTO) approach, 27 tight-binding calculations, [28] [29] [30] [31] and empirical pseudopotential calculations 32 which rely on a fit with experimental data. Other studies 33, 34 based on DFT have fixed the occupancy of valence states before including the spin-orbit coupling. We give a detailed comparison of the energy dispersion between our relativistic scheme and previous studies in Appendix B.
As can be seen in Fig. 2 , our ab initio calculations reproduce the subtleties around the Fermi level. It turns out that the carrier pockets at the Fermi level are satisfactorily reproduced with the GGA (Table II, lines 1-3 ). An extremely good agreement is also found for the valence band at when comparing our GGA results with the photoemission data 36 (Table II, lines 4,5,8) . We have checked also the LDA exchange and correlation functional. At the experimental lattice parameters, which are very close to the LDA equilibrium ones, our results are close to those of Ref. 27 . The agreement with the experiment is, however, poorer than in the GGA at the GGA equilibrium lattice parameters (see, e.g., Table II , line 4). However, we point out that the LDA and GGA energy dispersions are found to be very close when the same lattice parameters are used in both calculations. 
III. EXPERIMENT
A. Setup
The terahertz spectrometer is driven by a Ti:sapphire laser oscillator delivering 10-fs pulses at a 780-nm center wavelength. Part of the laser output is used to excite the sample with an incident fluence of about 10 μJ cm −2 . The terahertz pulses are obtained from the residual 10% of the laser output by difference-frequency generation in a 90-μm GaSe crystal. The time-dependent terahertz electric field is detected by electro-optic sampling using the 12-fs pulses of the seed laser and a 300-μm-thick ZnTe crystal. As shown in Fig. 3 , the terahertz pulses have a duration of 100 fs, covering a spectral range from 10 to 30 THz. The sample is a polycrystalline Bi film that was evaporated onto a diamond substrate. We have measured the terahertz electric field E(t), transmitted through the sample in thermodynamic equilibrium at an ambient temperature. Repeating the measurement for different delays τ provides the change E(t,τ ) in the transmitted electric field induced by the pump pulse. Here t denotes the time of the terahertz pulse with respect to the field maximum at t = 0, and τ is the pump-probe delay.
Typical terahertz waveforms are shown in Fig. 3 . E(t) is the electric field transmitted through the unexcited bismuth film, and E(t,τ ) is the pump-induced change at time τ = 100 fs after the excitation. In addition, we have measured the electric field E 0 (t) transmitted through the diamond substrate without the bismuth film (not shown). The incident and transmitted terahertz electric fields are Fourier transformed with respect to t, and the conductivity of the bismuth film is then obtained by inverting the Fresnel formulas.
In the limit of small film thickness, the dielectric function of bismuth reads
and the pump-induced change of the dielectric function is
Here n is the refractive index of the diamond substrate, c is the light velocity, d is the film thickness, and ω is the frequency of the terahertz probe. We would like to point out that terahertz spectroscopy enables us to determine the dielectric properties of a material without relying on Kramers-Kronig relations. Figure 4 shows the equilibrium dielectric function ε(ω) and the result of a fit obtained with the Drude model:
B. Dielectric properties at equilibrium
We obtain as best-fitting values the plasma frequencyhω p = 560 meV, scattering ratehγ = 37 meV, and ε ∞ = 100. The reasonably good fit achieved with the Drude model confirms that free carriers dominate ε(ω) in the mid-infrared spectral region. In the framework of the linear response theory, the Drude response originates from intraband optical transitions, and the absorption of a photon is accompanied by the scattering of a charge carrier with impurities, phonons, or other charge carriers. 37 In principle, two additional effects may cause deviations from a simple Drude model. First, the interband optical transitions have an absorption onset at 67 meV (16 THz) and should induce additional absorption in the mid-infrared window. However, optical measurements on an extended energy range suggest that the contribution from this term is negligible. 11 Second, the coupling of single particles to plasmonic excitations results in a temperature-dependent plasmaronic absorption. 11 Within the extended Drude model, this many-body correction induces a strong dependence of the effective scattering rate on the probing frequency. In our films, this relative variation of the scattering rate is reduced by the presence of strong extrinsic scattering. As a consequence we could accurately reproduce the imaginary part of the dielectric function by a constant scattering rate. On the other hand, a nonresonant contribution to the real part of the dielectric function results in a frequency-independent offset ε ∞ . We note that the scattering rate and the plasma frequency obtained from the Drude model are larger than the values measured for single crystals of bismuth. According to Armitage et al. 12 the plasma frequency and scattering rate of crystalline bismuth are 400 and 5 meV, respectively. We ascribe this discrepancy to the granular structure of our polycrystalline film. Due to the presence of metallic surface states, the grain boundaries enhance the density of electronic states at the Fermi level.
Moreover, the high concentration of scattering centers reduces the mean free path of the charge carriers down to 100 nm. Despite this fact, we expect all our findings on the charge carrier dynamics to be qualitatively valid also for bismuth single crystals.
C. Dielectric properties in photoexcited bismuth
The pump-induced change of the dielectric function at several delays is reported in Fig. 5 . Since the Drude model accurately fits the experimental data, we conclude that the nonequilibrium distribution function of charge carriers also displays a free-carrier response. The large amplitude of the photoinduced signal is due to the relatively low density of electronic states at the Fermi level. As a consequence, the photoinduced redistribution of the occupation numbers leads to a large increase in the number of conducting carriers. Note in Fig. 5 that the measured ε(ω,τ ) first increases until about τ = 1 ps and afterward decreases for larger pump-probe delays. Such a nonmonotonic dynamics is not observed in other semimetals like graphite, 2 which instead display a continuous decrease of the photoinduced signal. We verified that the temporal evolution of the terahertz signal does not show any sign of periodic oscillations due to the coherent A 1g mode. Usually, such a coherent phonon affects the optical spectral region by modulating the joint density of the electronic states and consequently can be observed in optical reflectivity experiments. 3, 4 Here, the lack of oscillations in the temporal evolution of the terahertz signal indicates that the transient change of the nuclear positions has a negligible effect on the photoinduced plasma frequency. Simple considerations of the magnitude of the lattice movement induced by our laser field support this conclusion. According to time-resolved x-ray experiments, a laser pulse of 3 mJ/cm 2 shifts the A 1g coordinate by 6 pm. 5 Scaling this value with respect to the pump fluence of our experiment (10 μJ/cm 2 ), we estimate a photoinduced displacement of 0.02 pm. Since the isothermal compressibility of bismuth is 0.0317 GPa −1 , an applied pressure of 40 bar would induce a displacement of comparable amplitude. The direct comparison to the data of Armitage et al. suggests that such a pressure should change the plasma frequency by ∼1 meV. 12 This indicates that the photoinduced activation of the A 1g mode has minor effects on the plasma frequency. Instead, the terahertz response is strongly dominated by an 100 times larger increase of plasma frequency, which is induced by the nonequilibrium distribution of the photoexcited electrons.
In Figs. 6(a) and 6(b), we show the evolution of the squared plasma frequency ω as a function of the pump-probe delay τ . The value of the square of the plasma frequency is 0.31 eV 2 at equilibrium and increases up to 0.37 eV 2 just after photoexcitation. It reaches the maximum value of 0.42 eV 2 for a pump-probe delay of 1 ps, and decays exponentially at larger delays.
IV. DISCUSSION
We attribute the nonmonotonic temporal evolution of the plasma frequency to the presence of local extrema with large effective masses in the electronic band structure of bismuth. While residing in these extrema, the trapped carriers barely respond to the terahertz field. Conversely, the energy states near the Fermi level E F have high band velocities and strongly contribute to the Drude conductivity.
In the following, the existence of local extrema in the valence and conduction bands of bismuth will be checked with calculations within the DFT and GGA. In order to interpret our experimental findings, we have investigated the possible intermediate states of the electronic system after an optical excitation of 1.6 eV. As shown in Fig. 7 , the direct optical transitions generated by the pump beam promote electrons to highly excited states. Due to carrier-carrier and carrier-phonon scattering, the excited electrons and holes redistribute their internal energy. We have found that the calculated effective mass of local extrema, and in particular of a local maximum at in the valence band, is much larger than the optical mass of carriers near the Fermi level (near the L and T points). The decay out of this maximum is probably dominating the initial rise of the plasma frequency.
A. Carrier mass in the valence and conduction bands
As a true local (TL) maximum (minimum) we define the top (bottom) of a valley where the energy band is at an extremum along three principal axes. We have investigated the full BZ with the precision of k = 0.026(2π/a 0 ) and found six TL extrema involved in the photoexcitation process. Three of them are maxima, at the points , T, and L. The energy value of the maximum at T lies above the Fermi level, while maxima at and L lie below the Fermi level. Two minima Table I . The effective masses of the hole pocket at the T point and of the electron pockets at L points are in good agreement with those in Refs. 31 and 39-41.
The average mass of the maximum at is strikingly large, m * h = 18.1m 0 , where h stands for heavy carriers, and is approximatively two orders of magnitude larger than the average effective masses at the other extrema (Table I ). The existence of the maximum at turns out to be robust: for instance, when evaluated at a hydrostatic pressure of 10 kbar, the extremum is still located at the point, and the value of the average effective mass is larger (64m 0 ).
We have also computed the optical masses of carriers probed in our experiment at the L and T points, m op l (l stands for light carriers). We have obtained the optical mass by calculating independently within the DFT the number of pump-induced carriers n l and the change in the plasma frequency ω 2 p due to the photoexcitation. Then the relationship between these two quantities is obtained by applying the Drude law. We recall that the number of pump-induced carriers and the change in the plasma frequency at the L (T) point read
where g(E) is the density of carrier states restricted to the region in reciprocal space around the L (T) point, f (E,T ) is the Fermi-Dirac distribution at the electronic temperature T , f (E,T ) is its derivative with respect to E at the electronic temperature T , T 0 = 300 K is the temperature in our experiments, and v F is the Fermi velocity of light carriers. Our determination of the plasma frequency agrees with that of Ref. 42 but for the fact that we calculate it at a finite temperature. We defer the description of details of the computation of m holes at the local maximum in the valence band at . The latter thus acts as a reservoir for the holes and slows down the hole thermalization process.
B. Temporal evolution of the plasma frequency
Our DFT calculations confirm the conjecture that light carriers at the Fermi level, at the T and L points, strongly dominate the terahertz response. Instead, the local extrema, in particular the maximum at , act as reservoirs of heavy carriers where they spend a fraction of a picosecond before relaxing to the Fermi level. As a consequence, we expect that two characteristic time scales determine the temporal evolution of the photoexcited carriers: (a) the holes residing in the local maximum decay into higher-energy states near the T point with a rate 1/τ h and (b) the electron-hole plasma at the Fermi level recombines with a rate 1/τ l .
The simplest model accounting for such a dynamics is described by the rate equations
of which the solution is
Here n h (t) is the number of heavy carriers in the local extrema, n l (t) is the change of the number of light carriers near the Fermi level, and n 0 h and n 0 l are the values of n h (t) and n l (t) just after photoexcitation, respectively. The parameter λ is the carrier multiplication factor accounting for secondary electron-hole pairs generated by impact ionization. 43, 44 In our experiment, we only probe n l (t), which is proportional to the pump-induced change in the plasma frequency squared, ω 2 p (t). We show in Fig. 6 (a) the curve obtained with the best-fitting parameters τ h = 0.6 ± 0.1 ps, τ l = 4.0 ± 0.5 ps, and λn 0 h / n 0 l = 2.24 ± 0.5. The value of λ depends on the relative weights of impact ionization, Auger recombination, and carrier-phonon scattering. If the photoexcited carriers decayed solely by phonon emission, the number of carriers would be conserved. On the other hand, the carrier multiplication factor should be larger than 1 when the carrier-carrier interaction dominates the thermalization process. Simulations on photoexcited graphene, 43 and experiments on PbSe, 44 suggest that 1 < λ < 2 for an excitation with photon energy of 1.5 eV. According to this estimation, a consistent fraction of the holes created during photoexcitation of bismuth populates the local extrema soon after the photoexcitation. The reported time scale of τ h = 0.6 ps is comparable to the electron-phonon intervalley scattering time observed in semiconductors. 25, [45] [46] [47] Note that the recombination of the electron-hole plasma at the T and L points is a slower process (τ l = 4 ps). A similar time scale has also been observed in the recovery time of transient conductivity. 4 Such an inefficient cooling of the plasma is due to the semimetallic density of states, which reduces the number of final states available for the electron-phonon and hole-phonon scattering.
We show in Fig. 6(b) the result of the fit of the Drude scattering rate γ as a function of the pump-probe delay. The sudden increase of γ in the photoexcited state is due to the larger phase space that becomes available for scattering events. Note that γ slightly increases during the first picosecond, and decreases exponentially at longer delays with a time constant of 2.6 ps. It follows that the scattering rate decreases almost twice as fast as the carrier density. On the other hand, we notice that the carrier scattering is dominated by the large defect concentration in our polycrystalline films. Further experiments on high-quality single crystals would be necessary in order to observe the behavior of the intrinsic scattering channels.
V. CONCLUSIONS
Our time-resolved terahertz experiment and from-firstprinciples calculations provide insights into the carrier distribution function soon after photoexcitation in bismuth. It follows that most of the primary holes spend several hundreds of femtoseconds in the local extremum at of the band structure. The calculated effective mass of that maximum, m * h = 18.1m 0 , is much larger than the optical mass of carriers near the Fermi level. The decay of such heavy holes to states close to the Fermi level takes place with an inverse rate of 0.6 ps. Such a decay mechanism is similar to the intervalley scattering observed in many semiconductors. As a consequence, the complete thermalization of the electron-hole plasma takes place on a time scale larger than a phonon period. This result should be taken into account in models that attempt a description of the coherent phonon generation and phonon softening in photoexcited bismuth. Finally, we would like to point out that our experiments have been carried out in the regime of low excitation densities (≈10 −4 electrons per unit cell). Since we expect the dynamics of electrons to be fluence dependent, further investigations at higher excitation densities would be necessary to reproduce the conditions employed in time-resolved x-ray diffraction and time-resolved photoemission experiments.
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APPENDIX A: COMPUTATIONAL DETAILS
We have generated a fully relativistic norm-conserving pseudopotential (PP) in a separable form, 50 using the Troullier-
Martins method. 51 The spin-orbit coupling arises in the L · S form. 52 The external electron configuration of Bi is 6s 2 6p 3 , plus a complete 5d shell. These s and p levels form energy bands in the solid, while the other d-electron and core-electron energy levels remain practically unchanged. Nevertheless, we have included d levels in the valence bands (as in Ref. 53 , and at variance with Ref. 34 ), because of its influence on the exchange energy, which shows up in the transferability tests of the pseudopotential. The tests of transferability of the pseudopotential are remarkably improved when 5d states are included in the valence bands.
The electronic configuration of the neutral atom [Xe]4f 14 5d 10 6s 2 6p 3 , has been chosen as the reference for our PP. The 5d, 6s, and 6p pseudopotentials have been set up with matching radii of 1.88, 1.79, and 2.30 a.u., respectively, and the PP of unoccupied 5f levels with a 2.41 a.u. matching radius. In the solid, the s channel has been chosen to be the local part of the PP. No ghost states have been detected.
The calculations have been converged with respect to all of the parameters, and special attention has been paid to the BZ sampling. The self-consistent Kohn-Sham potential, the dispersion of the Kohn-Sham energy levels, and the carrier masses have been calculated with a 20 × 20 × 20 k-point mesh centered at the point, yielding 781 k points in the irreducible part of the BZ. We have used the Methfessel-Paxton smearing method 54 with a broadening parameter σ equal to 0.02 Ry. Special attention has been paid to the convergence of the Fermi energy: it has been obtained independently by a calculation with the improved tetrahedron method of Ref. 55 with a 50 × 50 × 50 k-point mesh centered at the point, and the energy levels of the lowest 5d state have been aligned in the two calculations. A precision of ±5 meV on E F has been achieved.
APPENDIX B: KOHN-SHAM ENERGY BANDS
With our pseudopotential, we have performed ab initio calculation of the dispersion of Kohn-Sham eigenvalues at the theoretical lattice parameters, at variance with the calculations of Refs. 34 and 27. Details of the band structure around the Fermi levels are subtle: we have found that without spin-orbit coupling, the hole pocket would not be present at the T point, confirming Ref. 34 .
In Table II , we report the values of characteristic energy levels obtained with our pseudopotential, the FP-LMTO method, 27 the tight-binding methods, 31 the DFT approach, 33, 34 and experiments. To summarize, we have obtained the following values: (i) the energy difference of the two highest occupied bands at the L point, E[L a (3) ] − E[L s (3)] = −24 meV (Table II, (Table II, Our value of the overlap energy is somewhat overestimated (Table II, line 3 ). The quasiparticle theory should be applied to describe energy differences between occupied and unoccupied levels. We point out that none of the calculations of Refs. 31, 33, and 34 includes spin-orbit coupling self-consistently. The accuracy of our calculation shown in Table II is sufficient for our purpose. 
